Abstract-An improved HBT small-signal parameter extraction procedure is presented in which all the equivalent circuit elements are extracted analytically without reference to numerical optimization. Approximations required for simplified formulae used in the extraction routine are revised, and it is shown that the present method has a wide range of applicability, which makes it appropriate for GaAs-and InP-based single and double HBT's. Additionally, a new method is developed to extract the total delay time of HBT's at low frequencies, without the need to measure 21 at very high frequencies and/or extrapolate it with 20 dB/dec roll-off. The existing methods of finding the forward transit time are also modified to improve the accuracy of this parameter and its components. The present technique of parameter extraction and delay time analysis is applied to an InGaP/GaAs DHBT and it is shown that: 1) variations of all the extracted parameters are physically justifiable; 2) the agreement between the measured and simulated -and -parameters in the entire range of frequency is excellent; and 3) an optimization step following the analytical extraction procedure is not necessary. Therefore, we believe that the present technique can be used as a standard extraction routine applicable to various types of HBT's.
nonunique values of the components. Also the optimized parameters are largely dependent on the initial values of the optimization process. Alternative extraction methods which ensure unique determination of as many equivalent circuit elements as possible are therefore of considerable importance. Several approaches for a more accurate and more physical parameter extraction are suggested in the literature. Costa et al. [3] have used several test structures to systematically de-embed the intrinsic HBT from its surrounding extrinsic and parasitic elements. However, this method requires three test structures for each device size on the wafer, ignores the nonuniformity across the wafer, and may involve an additional processing mask in some self-aligned technologies. Pehlke and Pavlidis [4] developed an analytic approach to extract the -shaped equivalent circuit elements of HBT's. But this method, though attractive in many aspects, had two major disadvantages. First, the method was still relying on optimization to find the parameters of the emitter branch and elements of the delay time, a problem which was later resolved in [5] . Second, the distributed nature of the base resistance and base-collector capacitance was not taken into account. This last assumption, which was later addressed by many other authors, may result in a negative collector series resistance [6] or a nonphysical frequency behavior of the calculated emitter block [7] .
Since 1992, other approaches were proposed, which took the distributed nature of and into account. The approach in [8] involves some unjustifiable assumptions (e.g., ; see Fig. 1 for interpretation of the parameters), and some of the parameters are left to be obtained using numerical optimization and/or physical estimation. The same is almost true for the approach used by Schaper and Holzapfl [9] , where it is assumed that and . Rios et al. [10] proposed an attractive method in which maximum amount of information, parameter values, and constraints are extracted in order to minimize the number of unknown parameters to be evaluated by a final numerical optimization process. Kameyama et al. [11] used a similar approach to extract the equivalent circuit elements of a pnp HBT, but they claimed that their method can be applied to npn HBT's with a little modification. Measurement of -parameters under open-collector condition is used in [6] to assist in finding the extrinsic series elements of the -equivalent circuit, although nonlinear extrapolation has to be used in order to find the series elements (see [6, Fig. 2] ). Additionally, all of the extrinsic series elements are assumed bias-independent. Finally, Samelis and Pavlidis [7] applied a novel impedance block conditioned optimization. This method seems rather involved in terms of implementation and computation time, but otherwise has the advantage of preserving the physical structure of the impedance blocks.
From the brief review of the above works, it is clear that there is still a lack of a standard direct technique for small-signal parameter extraction of HBT's, although several positive steps have been taken. This is in contrast to FET parameter extraction that has for long benefited from a standard method [12] , [13] . Therefore, it is necessary to review the existing methods and develop a straightforward and reliable small-signal parameter extraction technique with very reasonable assumptions that make it applicable to various types of HBT's.
Recently, Li and Prasad discussed the basic expressions and approximations used in small-signal parameter extraction of HBT's [14] . Based on this, they developed a procedure which was successfully applied to extract the parameters of an AlGaAs/GaAs HBT with emitter area of 30 m [15] . We believe that the Li and Prasad's work with some modifications, to be discussed in the present article, can be the basis for a standard method applicable to a wide range of HBT's. The modifications to [14] and [15] include different plotting and/or interpretation of the measured data, less restrictive assumptions, removing the necessity of a final optimization process, more general formulation of the common-base current gain, a different use of "cold-HBT" data, and physical explanation of some of the observed variations (which could not be explained in [15] ). These modifications are clearly addressed in the forthcoming sections.
In addition, new methods are introduced to obtain the total delay time and the forward transit time from the measured -parameters at low frequencies, without the requirement of extrapolating at higher frequency region. The structure of this paper is as follows. Section II describes the theoretical approximations of -parameters, assumptions made, and the range of their applicability. Then in Section III, a parameter extraction technique based on the results of Section II will be developed. Section IV is devoted to the new methods of finding total delay time and forward transit time from the measured -parameters at low frequencies. Discussion of the results in Section V will be finally followed by main conclusions of this work in Section VI.
II. -PARAMETERS FORMULATION AND APPROXIMATIONS Fig. 1 shows the schematic diagram of an npn HBT together with its associated small-signal lumped-element equivalent circuit. This is a T-shaped equivalent circuit with three added parallel capacitances due to the contact pads. Since the T-shaped equivalent circuit is more closely related to the original derivation of the common-base -parameters of bipolar transistors [16] , [17] and involves less simplifying assumptions than the -equivalent circuit, it is usually employed in the literature (and in the present work) for the purpose of small-signal parameter extraction of HBT's. The distributed nature of the base resistance and the base-collector capacitance is modeled in this diagram by dividing them into only two sub-elements; namely intrinsic and extrinsic parts. Division of these elements into more sub-regions is discussed in, e.g., [18] , [19] , but one has to mainly rely on optimization techniques to evaluate the extra elements.
One feature in common among different methods of parameter extraction in the literature is that first the parasitic pad capacitances are determined. Measurement of an open test structure [3] , and variation of the measured total capacitances at low frequencies with reverse bias [18] or with junction area [20] are proposed to distinguish between the junction and parasitic capacitances. Once the parasitic pad capacitances are determined, the internal device will be de-embedded from these using standard network parameter transformation. Usually, the subcollector of HBT's is at least three to five times thicker than their base region. Therefore, is a very small resistance, especially in npn III-V HBT's where the much higher mobility for electrons is also responsible for a negligible . Consequently, one can merge the effects of and into a single resistance connected in series with the collector inductance . The resultant equivalent circuit, after de-embedding the pad capacitances, can be explained by a set of -parameters. The formulation of -parameters in the present work is similar to that in [14] , and is repeated for readers' convenience in the Appendix. It is important to note that more physically complete equations for and , as compared to those in [14] , are used here. Also reverse-biased junction resistances are considered for both the intrinsic and extrinsic parts. We further define:
If one assumes (4) (5) (6) then after some algebraic manipulation one can arrive at the following simplified equations:
It is worth pointing out that assumptions (5) and (6) are second-order approximations, as opposed to first-order approximations suggested in [14] for the intermediate frequency range (e.g., and ). This makes the range for applicability of (4)- (8) wider. If, for instance, " " means "at least ten times smaller", then with some rather conservative values of k , , , and fF, the above approximations would be valid for GHz GHz. Therefore, even in InP/InGaAs HBT's where is two to three times larger than GaAs-based HBT's, there would be a wide enough frequency range over which (4)- (8) are valid and small-signal parameters can be extracted using the technique discussed in this work. Another result of the above discussion is that extremely low frequency range (characterized by ) and extremely high frequency range (characterized by ) as defined in [14] require measurement frequencies as low as 50 MHz or as high as 500 GHz, which can not be achieved using presently available network analyzers.
Other useful relations that can be directly (without any assumption) derived from (A1) and (A2) are (9) (10) Therefore, if , and are known, can be accurately determined. However as will be shown in the next section, elements of can be determined at low frequencies without accurate knowledge of the above impedance blocks.
Under forward active mode of operation, and especially at high current regime, the assumption: (11) would be valid in a wide frequency range and (A5) can be approximated as (12) "Cold" condition for HBT's is defined as the condition when both junctions are zero-biased (or reverse-biased). Under such condition, dc current is zero, hence would be extremely small and the device behaves like a passive component . Expressions (4)-(8) would still be valid. Also (A9) simplifies to . Additionally, is very large and (11)-(12) are no longer valid. Instead, assuming and (4)-(6), one can write cold cold (13) As will be shown in the next section , and therefore, the last terms on the right-hand-side of (7) and (13) are extremely small and can be ignored.
III. PARAMETER EXTRACTION TECHNIQUE
In this section, an improved version of the technique explained in [15] will be applied to extract the small-signal parameters of an InGaP/GaAs double HBT with m area (accounting for the estimated mesa undercut) and m area. The intrinsic part of the layer structure of this DHBT consists of 1000 Å cm InGaP emitter, 1000 Å p cm GaAs base, 200 Å cm GaAs spacer, and 4800 Å cm InGaP collector, all grown on semi-insulating GaAs substrate. Device fabrication is discussed elsewhere [21] . DC characterization of the device is carried out using HP4145B Semiconductor Parameter Analyzer. Then the -parameters are measured on-wafer using HP8510 Network Analyzer and Cascade Microtech RF probes in the frequency range 100 MHz to 40 GHz.
Small-signal parameter extraction starts from de-embedding the internal device from parasitic pad capacitances surrounding it. Then, a series of -parameter measurements is carried out under constant and variable collector current (including , i.e., the cold-HBT). The cold-HBT measurement is to assist in finding , which is assumed bias-independent, as well as . Measured data under variable will be used to separate current-dependent elements from those insensitive to current.
As to the measurement of the parasitic pad capacitances, we employed a combination of two methods. First method is measurement of an open test structure. Second is the variation of reverse bias across and junctions of a cold-HBT to distinguish between the junction and parasitic capacitances [18] . Both methods resulted in similar values of and , but obtained from the second method was significantly larger than that from the first. We believe that this is due to the full depletion of the emitter n-region under reverse bias condition which results in a misinterpretation of the variation of the total measured capacitance with bias. Therefore, we suggest to use and measured from an open test structure, and only from the second method. This way, one avoids the extra measurements of the cold-HBT at variable reverse biases; only one cold-HBT measurement is required to find , which has to be carried out for the purpose of extracting anyway. Once the pad capacitances are determined, the internal device can be de-embedded from them. Next, one should obtain maximum amount of information from measured cold-HBT results. In this analysis, we will have the following additional assumptions which all seem physically justifiable : 1) is assumed bias independent, 2) is constant at low current levels, but it may change at higher currents, and 3) area area only under low current injection condition; it may change at higher levels of current. It is quite clear that the above assumptions are much less restrictive than those in [15] . In [15] it is assumed that all the extrinsic series elements ( and ) and are absolutely bias-independent, while this is not required in the present work.
As seen from (7), (8) , and (13), at high frequencies under cold condition the real parts of , and saturate at , and , respectively (see Fig. 2 ). In case any of the real parts is not completely saturating at high frequencies, one can plot it versus then fit a straight line through the data points and extrapolate to the -intercept. Since at low currents is equal to the area ratio between the and junctions, one has a system of three equations and four unknowns, namely , and . Our approach to find these elements is to assume a reasonable value for , which, for instance, can be obtained from dc open collector measurement [22] . It is important to mention that the above value of only serves as an initial guess and it will be corrected in one of the early stages of parameter extraction for hot-HBT, after which only one or maximum two iterations will result in converging values of all the series resistive elements. Once is known, the other three resistances can be found, but only will be assumed constant and fed into the parameter extraction procedure for hot-HBT.
Although the information obtained from imaginary parts of the -parameters measured under cold condition is not required for the parameter extraction of hot-HBT, it is constructive to show the variation of to confirm the validity of (7), (8), and (13) . Fig. 3 shows a plot of , and versus . Linear variation of these plots confirms, once again, the validity of the approximations used to derive (7), (8) , and (13) . The -intercept of the plots are , and , respectively. A zero -intercept for the plot of versus supports the earlier statement that the last terms in (7) and (13) are indeed very small.
Next the -parameters of the device under forward active mode with variable and constant ( V in this case) will be measured. The reason for having a constant rather than a constant will be clarified later. Bearing in mind that (7) and (8) If is plotted against , the gradient of the fitted line will be equal to . Since is known, can be determined. If is extremely large, then the term would be negligibly small and almost comparable to the terms already neglected in the derivation of (8) . Therefore, the plot of versus may result in a nonlinear variation or even a negative slope. In such circumstances, one can use a large value for bearing in mind that this element does not affect the small-signal parameters significantly. As to the determination of and , one can consider the inverse dependence of resistance on area:
At this stage, all of the terms on the RHS of (9) and (10) are known, and therefore, and can be evaluated. Variation of with frequency will be discussed in the next section. As to the determination of , magnitude of will become large at high frequencies. Consequently, any small error in the determination of , or may result in a significant deviation of at higher frequencies. But the effect of the above impedance blocks on is just minimal at lower range of frequency where . Therefore, can be evaluated from the real part of RHS of (10) at low frequencies. Fig. 4 shows the variation of with frequency for different values of dc collector current. All of the plots in Fig. 4 saturate at low frequencies at , and at higher frequencies asymptotically approach , as expected from the formulation of in (A5) [7] . Determined values of can be plotted against to differentiate between and (Fig. 5) . The -intercept of this plot gives a corrected , which has to be used in order to obtain a corrected value of through the cold-HBT measured resistances.
can also be found from the gradient of the plot in Fig. 5 , which gives an ideality factor, , of 1.03. The sudden increase of at the highest current point is due to device self-heating which is known to increase both and [23] . Although any change in will be directly reflected to a change in , and with more or less similar magnitude, the resultant variation of the latter parameters only has a minor effect on and , which are determined in the low frequency region where . Therefore, the above procedure will be a very fast converging iteration with only one or two steps required. It is worth mentioning that in [15] , and are determined by numerical optimization and/or using assumptions related to extremely high frequencies, while fully analytical methods in measurable range of frequency are employed in the present work.
Once the iteration procedure is converged, one can plot the imaginary part of versus to find and thus . Imaginary part of , obtained from the RHS of (10), is very much sensitive to the value of . Therefore, an accurate [15] , ARE ALSO GIVEN value of considering the undercutting of and junctions is crucial in determining , otherwise one would observe a nonphysical saturating behavior for . is an increasing function of (see Fig. 6 ), but once corrected for the variation of , shows an almost constant value of versus collector current. Values of all the extracted parameters for the device under study with variable and constant V are summarized in Table I. IV. DELAY TIME ANALYSIS
In the previous section, direct extraction of the parameter was explained using (9) . The frequency dependence of this parameter includes sufficient information to extract , and . This is to be discussed in this section. Using (A8) given in the Appendix one can write Then, expanding the Taylor series of and ignoring the terms (and higher powers of ), the following equation can be derived: (15) Therefore, and the term inside the square bracket in (15) can be extracted from the -intercept and gradient of versus . This plot is shown in Fig. 7 for the device under study at various collector current levels. A linear behavior can be observed in this plot for the low to medium frequency range.
If one further assumes 
Therefore, can be obtained from a plot of versus (Fig. 7) . The values of at various current levels are plotted against in Fig. 5 . Since is already known as a function of can be determined from the gradient of the above plot. This method assumes that does not vary significantly with slight changes of in the current range considered. Linearity of this plot confirms that the latter assumption is a reasonable one. The obtained value of is fF. The forward transit time, , can also be accurately evaluated from the -intercept of the above plot. This method of characterizing the forward transit time is only relying on an accurate value of , which is to be used in (9) to find ; collector series inductance can be shown to have a negligible effect on . Therefore, the present method is expected to be much more reliable than the conventional method of plotting total delay time, , versus , which additionally requires a prior knowledge of and (see (19) and Fig. 5 ). Also it is shown by Lee [24] that this method of determining is much less sensitive to errors in de-embedding pad capacitances. However, the method suggested by Lee [24] , [25] is slightly different from the one used in the present work. Lee has suggested to use (18) while the last approximate equality in (18) clearly ignores the term in (17) . Therefore, the present method is expected to give more accurate results.
After finding from the plot in Fig. 5 , the plots in Fig. 7 give us two equations for the two unknowns and . The method of extracting and in this work can be considered as a modified version of our previous work [5] . Finally, can be evaluated using (A9). At this stage it must be pointed out that Li and Prasad [14] , [15] used the invalid assumption of (which ignores ) and a plot of , obtained from Fig. 6, versus to find . Therefore, they obtained a nonlinear plot (Fig. 13 in [15] ) and an inaccurate value of which necessitated numerical optimization. But even optimization is relatively insensitive to , and hence, could not be determined accurately in their work. This problem does not exist in the present work. Additionally, the formula for in [15] is incorrectly stated as and the term is ignored in their expression. Based on these formulae, Li et al. observed values of which were unexpectedly varying with both and (Tables II and III in [15] ). In contrast, 's obtained in the present work are almost constant with bias ( ps), since a physically correct formula for [(A9)] is used here. The total delay time in HBT's can be written as [26] : (19) The conventional method of finding the total delay time is to plot versus frequency and extrapolate the graph with the slope 20 dB/dec (single-pole approximation for ) to locate the frequency, , where reaches 0 dB gain. However, usually deviates from the 20 dB/dec roll-off due to the importance of higher order poles and zeros, the transit time effect [27] , or frequency dispersion related to extrinsic base surface recombination [28] . This makes the task of finding a precise value for very difficult, especially in the case of state-of-the-art HBT's with cutoff frequencies in excess of 200 GHz. Therefore, a method of characterizing the total delay time based on low frequency measured data would be extremely valuable. In the following, it will be shown that at low frequencies.
Since is one of those elements which can be evaluated quite precisely at low frequency, the above equation serves as a low frequency rule to find an accurate value of total delay time. In order to prove (20) , one needs to consider some "first-order" approximations: (21) (22) Equations (21) and (22) are more restrictive than (4)-(6), but one expects them to be still valid for almost an order of magnitude of frequency (typically GHz GHz). Using assumptions (21) and (11), can be written as the expression shown at the bottom of the next page, where is the imaginary part of . Now if one uses the low frequency assump- tions of (i.e., (16)) and additionally assumes , then and (20) follows. Fig. 8 shows the variation of with frequency for various 's. The plot at all different current levels saturate at low frequencies. The constant range of the plots gets narrower for lower current levels, primarily due to the narrower range of validity for assumption (11) . The values of thus calculated are compared in Table I with those obtained from extrapolation of at higher frequencies. The slight difference between the two sets of 's is mainly due to the fact that in all of the cases rolls off with gradient less than 20 dB/dec (18.5-19.5 dB/dec in these cases). Therefore, using is expected to give more accurate delay times. Finally, it should be pointed out that both the above sets of calculated 's are for the device de-embedded from pad capacitances, which do not belong to the actual device anyway.
V. DISCUSSION
Sections II and III presented a completely analytical HBT parameter extraction technique, which was successfully applied to a m InGaP/GaAs DHBT. All the extracted parameters under variable collector current and constant of 0.8 V are summarized in Table I . Fig. 9 compares the measured -parameters with those calculated using extracted elements at collector current of 25 mA. Excellent agreement between the measured and calculated data can be observed in the entire range (22) of frequency. It is known that polar plots of -parameters do not perfectly reflect the quality of agreement between measured and calculated data. Also the high frequency portion ( GHz) of the -parameters in a polar plot is compressed in a small area of the plot. Therefore, we have shown the real and imaginary parts of the measured and calculated -parameters for mA in Fig. 10(a) and (b) , respectively. The calculated -parameters also show a very good fit to the measured ones. Excellent agreement between the measured and calculated parameters eliminates the necessity for a final optimization step. Indeed, to prove the latter we have carried out an optimization process using HP-ADS optimization facility with the extracted parameters as initial guess. The values of the elements after optimization for mA are also shown in Table I , together with the average relative errors, as defined in [15] , for both calculated and optimized parameters. It is clear that optimization does not improve the error significantly. Fig. 11 shows the variation of the extracted total junction capacitances in Table I versus collector current. Also shown are the measured capacitances under constant of 0.5 and 1.2 V, and constant of 2.1 V. It can be observed that reduces with increasing under constant condition, similar to the trends observed in [29] and [30] . The reduction of with current is attributed to current-induced broadening of the depletion layer, and the variation of space charge with due to electron velocity modulation [30] . However, all these current dependent phenomena happen inside the intrinsic part of the device where injection of electrons occurs. Therefore, one expects to remain constant, and all the change in should be reflected to a similar change in . Consequently, we have chosen to keep constant in our recommended parameter extraction procedure.
will be calculated using low current (or cold) measured and area area under the same value as in the high current data; any change in with current will be directly reflected into a similar change in and . However, one should notice that the variation of at high current does not change anything in the determination of from cold-HBT data. Under a constant of 2.1 V, shows an initial increase with . This is due to fact that higher requires higher , and hence, a lower under constant condition. Therefore, both and will increase initially, and it would be difficult to differentiate between them. Variation of with current under constant was also observed in [15] , but the authors did not explain this behavior.
Other interesting features of the data in Table I include a reduction of (and to a smaller extent) at higher currents due to the emitter current crowding. The values of inductances , and seem to be more or less constant with bias; at highest bias point they all show some increase due to the device self-heating.
shows a continuous increase with collector current and saturates at higher currents before starting to fall-off at the highest bias point. This reflects to a similar trend for the variation of common-emitter dc current gain, , with current. The sudden change of many of the parameters at mA is most probably due to the device self-heating rather than Kirk effect. Kirk effect (or base push-out) is expected to happen at collector currents around 100 mA for the dimension and collector doping Fig. 9 , is used to demonstrate the applicability of the present approach for a wide range of bias.
level of the device under study. (See also the following discussion on delay times.) Since device temperature rise is expected to increase both and [23] , we have evenly divided the sudden increase of at mA between the two elements. The base transit time remained almost constant ps as the collector current was varied in the range (2-40) mA. This further supports the idea that Kirk effect is not happened at mA. The base transit time can be written as [31] 
where is the neutral base width, is the diffusion constant in the base, and is an average velocity of electrons at the base end of the depletion region. is higher than the static saturation velocity of electrons due to the velocity overshoot effect. We adopt cm/s for the latter parameter as in [23] . For the base doping density in the present device, minority electron mobility of cm /V s is expected [32] which results in cm /s. Therefore, using Å one obtains ps from (23) . The larger measured value of is due to the carrier trapping behind the triangular potential barrier at the heterojunction, as discussed in [5] . Also, since minority electron mobility inside the base varies with temperature as [33] , will be almost temperature independent. Consequently, does not change significantly as self-heating occurs, though it may change slightly through the reduction of . The collector depletion layer delay time can also be expressed as , where is the depletion layer width (Fig. 1) .
can be estimated using fF as m. Therefore, average value of at low current levels ( ps) results in cm/s inside InGaP collector, which is supposed to be somewhat smaller than the average velocity of electrons inside GaAs [5] . When self-heating occurs, this velocity is expected to be significantly reduced [23] , hence causing a sharp increase of under high current condition. The increase of , and with temperature are other contributors to the enlargement of at the highest current level in Fig. 5 . The -intercept of the linear fit to the low current variation of with is 5.65 ps . Using average values of , and in Table I , the term can be calculated as 3.35 ps, which results in ps. This is close, but not exactly equal, to the -intercept of versus , which is 2.41 ps. As discussed in Section IV, the latter method is expected to give more accurate values of .
VI. CONCLUSION
In this work, an improved HBT small-signal parameter extraction technique is developed and applied to extract the parameters of an InGaP/GaAs DHBT. The method relies on measurement of -parameters under constant but variable , including cold-HBT measurement. The approximations used to derive the simplified -parameter formulations were revised, and it was shown that the present method benefits from a wide range of applicability, which makes it appropriate for various types of HBT's including InP-based and GaAs-based single and double HBT's. Furthermore, all equivalent circuit elements are extracted directly without reference to numerical optimization, and it was shown that an optimization step following the analytical extraction does not improve the error significantly. Therefore, we believe that this method can be used as a standard technique to extract the equivalent circuit elements of various types of HBT's. We have also applied the above parameter extraction technique to InP-based HBT's, results of which will be presented in a forthcoming publication.
In addition, it was shown in Section IV that for the device de-embedded from parasitic pad capacitances at low frequencies. Therefore, total delay time of an HBT can be extracted at low frequencies, without the need to measure at very high frequencies and/or extrapolate with dB/dec roll-off. Furthermore, the methods presented in [5] and [25] for extracting the forward transit time was modified to evaluate and its components ( and ) more accurately.
Analysis of the extracted elements in Section V demonstrated that all of them behave according to physical expectations. Among the physical phenomena observed and explained were the reduction of junction capacitance at high collector currents, the effect of self-heating on small-signal elements and delay times, and reduction of and due to emitter current crowding.
APPENDIX -PARAMETER RELATIONS
Consider the HBT small-signal equivalent circuit shown in Fig. 1 . After de-embedding the parasitic pad capacitances and merging and into a single element , as discussed in Section II, one can arrive at the following -parameter relations:
The impedance blocks in equations (A1) and (A2) are defined (see also Fig. 1 ) as
The common-base current gain and the input capacitance can also be written as [16] , [17] :
where common-base dc current gain; base transit time; collector depletion region delay time; empirical factor that fits the single-pole expression of base transport factor to its more accurate secant hyperbolic representation [16] . A value of is used in the majority of the previous publications.
includes the terms related to both depletion capacitance and the so-called base diffusion (or storage) capacitance. 
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